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Images of purified Shaker potassium channels
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Background: Voltage-gated K* channels play an
important role in the control of neuronal excitability
and synaptic plasticity. Their low abundance and
extraordinary heterogeneity have rendered their
purification from natural sources difficult. We have
previously cloned a voltage-gated K*-channel gene,
Shaker, from Drosophbila. The Shaker K*-channel
polypeptide resembles one of the four internal
repeats of a Na*- or Ca?*-channel o subunit, suggest-
ing that this example of a K* channel contains four
identical or homologous subunits. Similar K*-channel
polypeptides have been characterized from mammals,
other vertebrate and invertebrate species, and from
plants. Electrophysiological studies of K* channels
expressed in Xenopus oocytes suggest that they are
indeed tetramers, and heteromultimeric K* channels
have been found in the mammalian brain. Until now,
however, no K* channel, nor any other member of
the superfamily of voltage-gated ion channels, has

been characterized by electron microscopy or other
structural analysis.

Results: We have purified Shaker K™ channels,
expressed in insect Sf9 cells, to apparent homogene-
ity, and imaged them using the electron microscope.
The physical dimensions of these molecules, as well
as their biochemical characteristics, are consistent
with a tetrameric subunit composition. Moreover, the
Shaker channel revealed by negative staining has the
appearance of a four-fold symmetric tetramer, with a
large, central vestibule that presumably constitutes
part of the pathway for ions.

Conclusion: These first clear images of a voltage-
gated ion channel reveal a marked four-fold
symmetry. The integrity of the purified tetrameric
complex indicates that the purification scheme used
in this study may be further developed for future
structural analysis of voltage-gated K* channels.
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Background

Potassium (K*) channels are present in most eukaryotic
cells and are thought to serve a variety of functions,
ranging from the control of neuronal excitability and
synaptic transmission to the control of movements of
leaflets and stomatal pores in plants (for reviews, see
[1-3}). Since the cloning of the Drosophbila Shaker gene
[4—7}, which encodes a K*-channel polypeptide, a large
number of homologous K*-channel genes have been
isolated from species in both plant and animal
kingdoms (for reviews, see [3,8]). These molecular
studies have made it possible to express functional K*
channels in heterologous systems, such as insect Sf9
cells [9], thereby facilitating biochemical studies.

The Shaker K*-channel polypeptide resembles one of
the four internal repeats of a Na*- or Ca?*-channel o
subunit, suggesting that this example of a K* channel
contains four identical or homologous subunits [5,10].
Indeed, heteromultimeric channels form in Xenopus
oocytes, which express two different K*-channel
polypeptides [11-15], and tandem dimers or tetramers
of K* channel polypeptides expressed in Xenopus
oocytes can form functional channels [12,16,17]. Using
a Shaker cDNA with a mutation that reduces the
protein’s sensitivity to a charybdotoxin isoform, and

that is assumed not to affect subunit assembly,
MacKinnon [18] has shown that the toxin sensitivities of
the currents of K* channels in oocytes expressing both
wild-type and mutant polypeptides fit the prediction of
a tetrameric model. The multimeric nature of voltage-
gated K* channels offers the possibility of ‘mixing and
matching’ different subunits to generate K™ channel
diversity. Indeed, heteromeric K* channels of different
subunit compositions have been found; they probably
have different subcellular locations in specific subsets
of neurons in the mammalian brain [19,20].

In this study, we have purified Shaker K* channels
expressed in Sf9 cells to apparent homogeneity, and
examined the purified protein by electron microscopy.
The images reveal that the channel is a square-shaped
complex, with a prominent cavity, or vestibule, visible
in the center.

Results

Shaker K* channels purified from $f 9 cells

Functional expression of Shaker in Sf9 cells, using the
recombinant baculovirus strain 3A1, was achieved as
reported previously [9], except that a greater multi-
plicity of infection (50-100) was used. Shaker protein
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Table 1. Purification of the Shaker potassium channel from Sf 9 cells.

Total protein Binding activity® Specific activity Purification
Fraction mg % cpmx 1 0t % cpm x1 0* (fold)
mg

Cell homogenate 178 100 41.4 100 0.23 -—-

Membrane fraction 26.5 14.9 39.8 96.1 1.5 6.52
Solubilized membrane 9.26 5.2 34.8 84.1 3.76 16.3
Mono-Q 0.75 0.42 9.05 21.9 1241 52.6
Superose 6 0.083 s 47x10" 4.02 9.71 48.4 210
Sucrose gradient 3.1x10 - 1.27 3.07 410 1781

standards.

*The specific activity of the >2P-labeled Shaker amino-terminal domain (amino acids 1—227) used in this study was ~2.5x10* cpm pmo|’1.

®The concentration of protein in this preparation was estimated by comparing intensity of silver stain between the purified protein and

production reached a peak value of roughly 5mg of
Shaker protein per liter of Sf 9 cell culture (or
0.05-0.1% of total protein), as judged by the intensity
of Coomassie blue staining. At this time, most of the
infected cells were still intact and excluded trypan blue,
and they yielded a minimal amount of degraded Shaker
protein as revealed by immunoblot analysis [21]. The
appearance of Shaker polypeptides as a sharp band of
82kD on immunoblots, from Sf9 cells grown in the
presence or absence of tunicamycin, indicates that most
of the Shaker protein in the Sf9 cells has little or no
M-linked glycosylation. Nonetheless, Shaker channels
expressed in Sf9 cells showed similar electrophysiologi-
cal properties to those of channels expressed in
Xenopus oocytes or Drosopbila muscle cells [9]. This is
consistent with the observation that mutations of the
two predicted N-linked glycosylation sites of the Shaker
polypeptide do not significantly alter properties of the
channels expressed in Xenopus oocytes (W. Kimmerly,
personal communication).

More than 95% of the Shaker protein was found in the
pellet after centrifugation of lysed Sf9 cells, indicating
that it is associated with the membrane. Roughly 80%
of the Shaker protein was solubilized in CHAPS
detergent, and behaved as a fairly homogeneous popu-
lation throughout the subsequent stepwise purification
procedure, which employed ion exchange chromatog-
raphy, gel filtration and sucrose gradient centrifugation
(Table 1). The purified material yielded a single band
on silver-stained SDS-polyacrylamide gel (Fig. 1, lanes
4 and 5) with a molecular weight of 82kD, and this
polypeptide reacted with antibodies against the Shaker
amino-terminal domain [21] (Fig. 1, lane 6). The esti-
mated size of the whole purified Shaker protein, based
on sucrose-gradient centrifugation that was the last step
of the purification, was 350kD — consistent with the
size of a K* channel composed of four 82kD subunits.

Vizualization of negatively stained Shaker proteins

Electron microscopy of Shaker protein negatively
stained with uranyl acetate revealed reproducible
images of the channel molecules with their presumed
channel-pore axis perpendicular to the supporting film
(Fig. 2). The protein was approximately square

in outline, with each side approximately 80-85A long.
The center of the protein was heavily stained. As uranyl
acetate is not likely to fill spaces of less than
15 A across, it probably will not penetrate the narrowest
part of the channel pore, which has been estimated
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Fig. 1. SDS-PAGE analysis of the purified Shaker K* channels.
The protein preparations from different stages of purification
were fractionated by 11% SDS-PAGE and visualized by silver
stain: lane 1, 5pg of total protein from 0 hour infected cells;
lane 2, 5 pg of total protein from 46 hour infected cells; lane 3,
500ng of protein from membrane fraction before Mono-Q
(FPLC) fractionation; lanes 4 and 5, ~25 n§ of protein after
purification by sucrose density-gradient centrifugation. The stain
was allowed to develop further in lane 5 to demonstrate the
purity of the material. For immunoblot analysis, approximately
5ng protein after the final step of purification was fractionated
by 11 % SDS-PAGE and transferred to nitrocellulose membrane.
TKe identity of the purified 82kD polypeptide was determined
by incubating the filter with antibody to Shaker polypeptide
(lane 6). The molecular weight standards are indicated in kD.
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